Laser-induced beam bending and the far-field asymmetric diffraction ring pattern due to the self-bending and asymmetric spatial self-phase modulation (SPM) effects in nematic liquid-crystal films are investigated. The measured far-field patterns are in good agreement with numerical calculations based on the diffraction theory, taking into account the two dimensionality of the problem, the nonlocal effect, and the wave-front curvature effect. The individual contributions of the aforementioned effects to the far-field pattern are analyzed for the first time. It is shown that the outermost diffraction peak of the far-field pattern is not the strongest one and that a large fraction of the transmitted intensity remains in the central region (within ±6 mrad of the beam axis). Merging of some of the diffraction peaks in this region should also occur. Although the transmitted beam does deflect, the deflection angle does not increase monotonically with the incident laser intensity, as is the case for a purely Kerr-like medium. In the experiments discussed here, higher-order effects are present. As an example, it is shown that equally pronounced third-and fifth-order nonlinear optical SPM effects are responsible for an observed five-ring asymmetric ring pattern.
INTRODUCTION
The interaction of nonlinear-optical materials with a laser beam with an asymmetric intensity profile was first considered by Kaplan' two decades ago. Exiting the medium, the beam was predicted to deflect from the original direction of propagation. This was referred to as the selfbending effect. In general, diffraction and self-focusing effects must also be considered. Self-bending is potentially useful in a number of applications, e.g., beam scanning,' optical bistable devices,' power limiting, 3 4 measurement of the nonlinear index of refraction, 4 7 and diagnostics of ultrafast processes. 5 6 8 If the nonlinear film were thin enough, only the spatial phase profile of the transmitted beam would be altered. In this limit theoretical predictions of the far-field diffraction pattern due to a beam of light with a wedge 4 9 or a semi-Gaussian profile 9 in one dimension and a uniform profile in the other dimension were reported. It was also assumed in these studies that the third-order nonlinear effect is dominant. That is, the nonlinear index of refraction is linearly proportional to the laser intensity. Since the problem has been reduced to one dimension by these authors, it is not surprising that the predicted far-field pattern is identical to the power spectrum due to self-phase modulation (SPM) in the time domain': a semiperiodic structure of peaks and valleys, with the farthest peak from the beam axis being the strongest. The deflection angle of the beam, as defined by the angular position of the strongest peak, was predicted to be linearly proportional to the laser intensity. Earlier experimental studies included observations of the deflections of beams of a pulsed ruby laser in NaCl 1 and semiconductor crystals 2 and of a pulsed C02 laser in CS 2 .
' 6
In these experiments the nonlinear or opticalfield-induced phases NL were much less than ir rad. Self-focusing effects were also, in general, present. Recently, Swartzlander et al. 1 3 ' 1 4 reported experimental results on the self-deflection of a cw laser beam in sodium vapor near resonance. Self-bending angles as large as eight diffraction widths (5.9 mrad), as well as strong attenuation of the on-axis radiation, were observed. At -200'C the self-deflection angle was found to increase linearly with laser power. That is, the nonlinear index of refraction was predominantly Kerr-like, or An = n 2 l, where I is the laser intensity. Moderate saturation of the self-bending effect was also observed.
In this paper we present, to our knowledge for the first time, detailed measurements of the far-field diffraction pattern (up to 20 rings) exhibited by a normally incident asymmetric cw laser beam traversing a nematic liquidcrystal (NLC) film. NLC films were selected because of their large nonlinearity. 5 Thin films can thus be used such that the self-focusing effect and the diffraction effect in the film itself are negligible. Previously, Khoo et al. 6 studied optical limiting by the self-bending effect in a NLC film. A low-power inclined-incident cw Ar' ion laser beam was used. Rings in the far-field pattern were also reported and were attributed to the spatial SPM effect" for the asymmetric case. The deflection angle of the beam was found to be close to that of theoretical predictions of a Kerr-like medium. In a preliminary report we showed that equally pronounced third-and fifth-order SPM effects are simultaneously present in a five-ring asymmetric diffraction ring pattern. -500 -300 -100 100 300 500
x'y (m) sionality of the problem, the nonlocal effects,1 2 0 and the wave-front curvature effect. 2 ' 22 The contributions of the aforementioned effects to the far-field pattern will be discussed. In addition, we will show the evolution of laser beam bending and other features in the central region (within ±6 mrad of the beam axis) of the far-field pattern as the laser intensity changes.
EXPERIMENTAL METHODS
Our experimental setup was typical.
6 17 A cw Ar' laser beam was focused by a lens and partially blocked (25o) by a knife edge approximately 1.5 cm in front of a homeotropically aligned NLC cell of 4-cyano-4'-pentybiphenyl (5CB) at 25.0 ± 0.1-C. The thickness of the cell was 350 m. The laser beam was normally incident on the sample with an asymmetric spatial profile as shown in Fig. 1 . We measured the beam profile by translating a pinhole (10-Am diameter) across the beam and recording the transmitted power. Minor undulations were due to diffraction of the knife edge. Their effects on our results will be discussed in Section 3. The transverse profile of the laser beam along the x direction could be approximated by two halves of semi-Gaussian profiles with e 2 diameters of qix = 60 ,um for x < 0 and al, = 140 ,um for x > 0, where the x axis is the dimension with the transverse profile asymmetry. In the y direction the laser intensity profile is a symmetric Gaussian function with an e 2 diameter of vi = 140 ,um. The z axis is along the propagation direction of the laser. The sample was placed at a position in front of the focus of a positive lens (f = 75 cm) in the convergent beam. Beam diameters were measured at the sample and at another position between the lens and the sample. Since the distance between these two positions was also known, using similar triangles we estimated the radius of curvature of the beam at the sample to be R _ -25 cm. We used a charge-coupled device camera with 512 x 512 pixels to record the observed diffraction pattern on a screen approximately 350 cm away from the sample. The laser intensity was adjusted such that either a 5-, 10-, or 20-ring pattern appeared on the screen. To accomplish this, we used a variable attenuator consisting of a Glan laser polarizer and a half-wave plate. With the sample out of the beam, we did not observe deviation of the beam for different settings of the half-wave plate.
THEORETICAL METHODS
We calculated the theoretical far-field pattern for an asymmetric Gaussian beam propagating through a thin NLC film of thickness d with the use of the Hankel-KirchhoffFraunhofer integral, taking into account the two dimensionality of the problem, the linear diffraction effect, the wave-front curvature effect, and the nonlocal effectl 21 
22
:
where a is the diffraction angle, k = 2/A, and E(x, y) [I(x, y) ] 
the nonlinear phase induced by the optical-field-induced index of refraction an. In most nonlinear-optical materials, an c E 2 if the lowest order of nonlinearity is the third order. As a result, ONL should have the same Gaussian intensity profile of the laser beam. In a NLC film, however, the situation is more complicated, since an is related to the molecular reorientation angle 0 by
where no and ne are the ordinary and extraordinary indices of refraction of the NLC film. For samples with hard boundaries and a laser intensity not far above
, and this can be calculated from the equation of the torque balance. Here 0o is the maximum reorientation angle; Ox(x) and 0,(y) denote the functional dependences in x and y of the reorientation angle 0(x, y, z). We assume that 0(x) for x > 0 and Oy(y) obey the same equation as that for the reorientation angle 0(r) in symmetric SPM with al = or>X = ojy = 140 Am; that is, 
where I(r) = Io exp(-r 2 /2i
2 ) and K is the elastic constant of the NLC in the one-constant approximation. In NLC films the reorientation motions of the molecules are strongly correlated. The response of the molecules at a certain point depends on the reorientation motion of the molecules elsewhere. This is the well-known nonlocal effect. Because of this effect the molecules do not respond to sharp changes in the transverse profile of the light beam. It was found that the undulations shown in Fig. 1 can be ignored in the evaluation of the reorientation angle.
Similarly we could calculate O,(x) for x < 0 with o-' = oI, = os = 60 Am. We numerically solved Eq. (3) by following standard Runge-Kutta procedures 23 with appropriate boundary conditions. With no = 1.54, ne = 1.73, K = 0.82 X 10-dyn, and Io corresponding to diffraction ring patterns with a certain number of rings, we calculated the transverse dependence of 0 and ONL. We then substituted these into relation (1) to obtain the far-field pattern of the transmitted beam. V \/ a.,, r the observed rings was not resolved because of saturation of the charge-coupled device camera used. Nevertheless, it is apparent that a large fraction of the transmitted intensity remains in the central region of the far-field pattern (within ±6 mrad of the beam axis). In addition, the outermost diffraction peak is not the strongest peak, in contrast with the case of a purely Kerr-like medium. Similar features were discussed briefly by previous authors investigating the symmetric spatial SPM effects in NLC films. 22 ,24 26 However, there were few reports directly comparing the observed symmetric far-field diffraction pattern with the theory. 2124 A satisfactory fit was found for laser intensities generating up to two rings in a thin hybrid nematic cell and negligible nonlocal and wavefront curvature effects. 24 An anomalously high intensity of the central peak was attributed to a temperaturedependent index of refraction. 24 2 6 In our study the highest incident laser intensity used was less than 170 W/cm 2 . The liquid-crystalline material investigated, 5CB, is nearly transparent at the laser wavelength (A = 514.5 nm). The laser heating effect should be negligible. We cannot rule out thermally induced saturation of the self-deflection effect, however, because of saturation of the charge-coupled device camera used.
We show in Fig. 3 beam diameter. For the larger ring numbers, e.g., N = 10 and 20, merging of some of the diffraction peaks in the central region is also predicted. We note also that the deflection angle does not increase monotonically with the number of rings. The features in the central region depend critically on the wave-front curvature effect. 2 22 By changing R from negative to positive values, we can alter drastically the intensity distribution. 22 At this point it is useful to examine the effects of various terms on the right-hand side of relation (1). The asymmetric five-ring pattern is used as an example. In the first case we assume that tkNL =C I, i.e., o, = oaj, instead of using Eqs. (2) and (3) in the calculation of ONL(X, y); we treat the beam propagation problem as one dimensional; and we neglect the wave-front curvature effect as well. The far-field pattern predicted by relation (1) is shown in Fig. 4(a) . As one might expect, this is identical to the time-domain results and to those of Ref. 9 . In this case the diffraction angle of the outermost peak, which is also the strongest peak, is linearly proportional to the incident laser intensity. Taking into account the two dimensionality of the problem, we illustrate the far-field pattern in Fig. 4(b) . A pronounced central peak emerges. With the wave-front curvature effect added, the far-field pattern evolved into that shown in Fig. 4(c) . The final result of taking into consideration all the effects mentioned above and the nonlocal effect was already shown in Fig. 2 above.
Since the diffraction angle of the outermost ring is laxi x 1d4(x,y)/dxj, cx l/loS, we expect the asymmetry ratio of the diffraction pattern to be Iax>o1Max/axoIaxax<0/Ofx<O. For an asymmetric five-ring pattern the theoretical asymmetric ratio is 1.6. This is in excellent agreement with our experimental result, which is 1.5. In contrast, the value of this ratio would be 2. incident laser beam. The agreement is somewhat worse for larger ring-numbers but still within 15% of our theoretical predictions. Because of its large nonlinearity the nonlinear index of refraction of a NLC film is in general a complex function of the incident laser intensity. In this sense many orders of the nonlinear index of refraction would contribute to 'ONL. This is primarily due to the so-called nonlocal effect mentioned above. As a result, 'INL does not exhibit the same profile of the incident laser beam. Only in the limit of small reorientation angles and for an inclined incident laser beam is 'INL linearly proportional to the laser intensity. In that case, which corresponds to that of Ref. 16 , the spatial SPM phenomenon is essentially a third-order effect. In general, many orders of spatial SPM effects could have contributed to the observed ring patterns. In fact, it is possible to select experimental parameters, e.g., laser intensity, beam diameter, and sample thickness, such that the SPM effect of a particular order is dominant. As an example, the theoretical transverse dependences of 0 and 'kNL calculated from Eqs. In contrast with the case of o = 140 /,m, 'kNL can also be fitted here extremely well by a Gaussian profile, but with an e diameter of a 4 , C a,, or NL CC L This corresponds to a third-order SPM effect. Thus our experimental configuration for the observation of an asymmetric five-ring pattern corresponds to an extremely interesting situation in which the SPM effect in the positive-x half-space is of the fifth order, while in the negative-x half-space it is of the third order. Furthermore, the third-and fifth-order effects are equally pronounced. The fact that the theoretical diffraction ring pattern predicted by relation (1) agrees with the experimental results quite well (see Fig. 2 above) gives credence to our analysis.
CONCLUSIONS
We studied the nonlinear interaction of an asymmetric laser beam with NLC films both experimentally and theoretically. The spatial SPM effect was shown to be responsible for the asymmetric diffraction rings (up to 20) observed in the far field. In the thin-film approximation the so-called self-bending effect, manifested as a deflection of the whole beam, was shown to be but one attribute of the spatial SPM effect. Experimental results were found to be in good agreement with numerical calculations based on the diffraction theory, taking into account the two dimensionality of the problem, the wave-front curvature effect, and the nonlocal effect. The individual contributions of the aforementioned effects to the far-field pattern were analyzed for the first time. In contrast with the case of a purely Kerr-like medium, we showed that for NLC films under our experimental conditions the outermost diffraction peak was not the strongest peak and that a large fraction of the redistributed intensity remained in the central region (within ±6 mrad of the beam axis). While the beam did bend in the sense that the position of peak intensity shifted, the amount of bending was quite small and did not increase monotonically with the incident laser intensity. At the highest laser intensity studied, generating 20 rings, the maximum beam deflection angle was predicted to be only 2.2 mrad. For higher Pan et al. I laser intensity incident on the NLC film, it was also predicted that some of the diffraction peaks would merge. Finally, we showed that experimental parameters could be tailored such that the spatial SPM effect of a particular order in a NLC film was dominant. As an example, equally pronounced third-and fifth-order effects were identified in an asymmetric five-ring diffraction pattern.
